Abstract. An in vivo exposure to 197 W∕cm 2 1090-nm infrared radiation (IRR) requires a minimum 8 s for cataract induction. The present study aims to determine the ocular temperature evolution and the associated heat flow at the same exposure conditions. Two groups of 12 rats were unilaterally exposed within the dilated pupil with a close to collimated beam between lens and retina. Temperature was recorded with thermocouples. Within 5 min after exposure, the lens light scattering was measured. In one group, the temperature rise in the exposed eye, expressed as a confidence interval (0.95), was 11 AE 3°C at the limbus, 16 AE 6°C in the vitreous behind lens, and 16 AE 7°C on the sclera next to the optic nerve, respectively. In the other group, the temperature rise in the exposed eye was 9 AE 1°C at the limbus and 26 AE 11°C on the sclera next to the optic nerve, respectively. The difference of forward light scattering between exposed and contralateral not exposed eye was 0.01 AE 0.09 tEDC. An exposure to 197 W∕cm 2 1090-nm IRR for 8 s induces a temperature increase of 10°C at the limbus and 26°C close to the retina. IRR cataract is probably of thermal origin.
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Introduction
Verhoeff and Bell 1 summarized observations indicating an association between cataracts and occupational exposure to infrared radiation (IRR). A high prevalence of cataract was observed in glass blowers, steel puddlers, and foundry workers. 2, 3 Two action mechanisms for IRR cataract formation were proposed and have been reviewed by Vos and Van Norren. 4 Goldmann suggested that cataract results from heat produced by nonspecific absorption of IRR in the iris and transfer of the heat to the lens. 5 However, Vogt hypothesized that cataract is associated with direct exposure to IRR. 6 Wolbarsht [7] [8] [9] [10] reported the cataract formation after IRR exposure to the lens. This was based on experimental in vivo exposures of rabbits to approximately 1.4 kJ∕cm 2 on the lens only with a CW Nd:YAG (1064 nm) laser and irradiances ranging between 1.4 and 28 W∕cm 2 . Wolbarsht also found that exposure of in vitro rabbit lenses to a 1064-nm laser and a broadband IRR heat lamp, respectively, induced less electrophoretic mobility of lens α crystallines and the appearance of large molecular aggregates. Pitts and coworkers 11, 12 claimed a threshold dose for in vivo exposure to a low irradiance IRR of 3.5 kJ∕cm 2 . This was based on in vivo exposure of rabbits to wide band IRR derived from a Xenon arc source, 715 to 1400 nm (mainly below 1100 nm) and irradiances ranging between 2 and 4 W∕cm 2 . The reciprocal relationship between irradiance and exposure duration observed by Wolbarsht [7] [8] [9] [10] and Pitts and coworkers 11, 12 indicates a photochemical effect. The finding that steel and glass workers developed cataracts after daily 8 h exposures to 80-400 mW∕cm 2 IRR for 10 to 15 years 3 is compatible with the photochemical effect of IRR, but could also be explained by a slightly increased rate of protein denaturation due to a low temperature increase.
Okuno derived temperature rise in human ocular tissues exposed to blackbody radiators based on theoretical calculations. 13 Using the same model, Okuno found, assuming a 2-mm pupil, that an exposure to 100 mW∕cm 2 1090-nm near IRR induces an asymptote temperature increase of 1.3°C at the anterior surface of the cornea, 1.6°C at the anterior surface of the lens, and 0.6°C at the posterior surface of the lens and concluded that a near IRR up to 1200-nm absorption in the iris will cause a higher temperature increase at the anterior surface of the lens than of the cornea due to absorption in the iris. 14 Based on Goldmann's 15 and Wolbarsht's 9 findings and Scott's heat transport model, 16 Vos and Van Norren 17 calculated a threshold temperature rise of 5°C in the lens and stated that an irradiance of 1 kW∕m 2 would increase the temperature of the anterior segment of the eye not more than the threshold temperature rise. The International Commission on Non-Ionizing Radiation Protection (ICNIRP) sets the exposure limit based on thermal injury and emphasizes that the temperature increase induced by exposure to near IRR depends on the environmental temperature. 18, 19 In 1960, Langley et al. observed the appearance of anterior subcapsular dots at 24 h after exposure of the iris to 0.8 W∕cm 2 for 30 s (27 J∕cm 2 ) to broadband IRR. 20 Unfortunately, the spectral irradiance was poorly defined. In 1983, McCally et al. observed corneal damage 48 h after exposure to 10.6 μm IRR derived from a CO 2 laser. 21 We observed an approximate 16 h delay between in vivo 1090-nm IRR exposure to 197 W∕cm 2 for 8 s and light scattering increase.
22
A potential photochemical effect of near IRR in the lens as proposed by Wolbarsht 7-10 and Pitts et al. 11, 12 would require attention when establishing safety guidelines for near IRR exposure to the eye. 23 Current safety guidelines for protection of the ocular lens from near IRR-induced cataract consider a thermal damage mechanism. 18 Further research is required to exclude an additional photochemical mechanism, which potentially could cause accumulated damage from exposure to near IRR over a long time at low irradiance. Such information is increasingly important considering the rapidly increasing use of near IRR in remote control and sensing. Therefore, we decided to aim for confirmation/rejection of irradiance exposure time reciprocity using a quantitative cataract measurement combined with temperature monitoring. Such an investigation would require exposure times in the interval seconds-hours for single exposures. For comparison to Wolbarsht's findings, [7] [8] [9] [10] the irradiance in such experiment should be in a range similar to that used by Wolbarsht.
7-10 In a previous study, 22 we found that an in vivo exposure to 197 W∕cm 2 1090-nm IRR on the cornea required a minimum exposure time of 8 s (1.6 kJ∕cm 2 ) to induce light scattering in the lens.
The purpose of the present study was to determine the temperature time evolution in the eye during an in vivo exposure to 197 W∕cm 2 1090-nm IRR for 8 s, and the heat diffusion associated with the exposure.
Materials and Methods

Animals
Six-week-old albino Sprague-Dawley female rats were used. Animals were kept and treated according to the association for research in vision and ophthalmology statement for the use of animals in ophthalmic and vision research. Ethical permission was obtained by Uppsala Djurförsöksetiska Nämnd (C 29/10).
Radiation Source
The infrared radiation was generated with a single-mode CW fiber laser, emitting at a wavelength of 1090 nm (Model SP-10C-0011, SPI Lasers, Hampshire, UK) with a maximum output power of 10 W.
The laser beam was first expanded with a negative lens, focal length 50 mm, projecting the beam on a second positive lens, focal length 50 mm (Fig. 1) .
The distance between the lenses was approximately 340 mm. The second lens focused the beam in front of the eye aiming for a 2-mm spot size on the cornea with a vergence of 400 D (22 deg planar angle of divergence, focal point corneal plane distance ¼ 2.5 mm). The position of the negative lens was adjusted to obtain the desired vergence and spot size on the cornea while measuring the three-dimensional distribution of the beam with a 0.3 mm pinhole in front of the detector (3A-SH, Ophir Optics, North Andover, Massachusetts, USA). Finally, the center of the corneal plane in space was indicated with the cross over between two diode laser beams. The anterior surface of the cornea under exposure was centered on the cross over between two diode laser (TIM-201-5D/650, New Taipei City, Taiwan) beams. The optical axis of the eye under exposure was adjusted to coincide with the beam optics. The beam propagation through the eye was calculated based on Hughes schematic rat eye model 24 and resulted in a close to collimated beam between lens and retina.
The power incident on the cornea was measured with a thermopile radiometer (L40(150)A-SH-V2, Ophir Optics, North Andover, Massachusetts, USA) calibrated by the manufacturer. The spatial irradiance profile of the beam incident on the cornea was measured by moving a pinhole (0.3 mm) through the beam. The spatial intensity distribution on the cornea was found to be pseudo-flat top.
Temperature Measurement
Temperature was measured with thermocouples (HYP0, OMEGA, Stamford, Connecticut) connected to an amplifier with an integrated analog-digital converter (TC-08, OMEGA, Stamford, Connecticut). The thermocouples with an external diameter of 0.2 mm and a length of 25 mm and LabVIEW (National Instruments, Austin, Texas) were used for acquisition, processing, and storage of measurement data.
In one experiment, the temperature was measured in five channels from five thermocouples placed in the exposed eye; externally at the limbus, in the vitreous just behind lens aiming outside the field of the exposure, and on the outer sclera next to the optic nerve, respectively, and in the contralateral not exposed eye; at the limbus and on the outer sclera next to the optic nerve, respectively (Fig. 2) .
In a subsequent experiment, two thermocouples were externally placed at the limbus and on the sclera next to the optic nerve on both eyes, respectively (Fig. 2 ).
Experimental Procedure
The animals were anesthetized with ketamine 95 mg∕kg plus xylazine 14 mg∕kg intraperitoneally, 10 min before exposure. The pupils of both eyes were dilated with tropicamide, 5 mg∕ml. Five minutes after pupillary dilation, the animals were unilaterally exposed to 197 W∕cm 2 IRR for 8 s at 1090 nm resulting in a radiant exposure of 1.6 kJ∕cm 2 . The temperature was recorded from the start of the exposure until the temperature descended back to the baseline (within 5 min after exposure). Immediately after the temperature recording finished, the rats were sacrificed and both lenses were extracted by a posterior approach for light scattering measurements. The intensity of forward light scattering in the lens was measured as described elsewhere. 25 
Experimental Design
In each experiment, 12 animals were used and the temperature was continuously recorded. In the experiment with two sensors in the exposed eye and two sensors on the contralateral eye, the intensity of forward light scattering was measured three times in each lens. 
Statistical Parameters
The significance limit and the confidence level were set to 0.05 and 0.95, respectively, considering the sample size.
Results
Initial Ocular Temperatures
The room temperature was 22°C and the initial temperature at the limbus, behind the lens, and at the sclera close to the optic nerve was 30.7 AE 0.5°C, 32.1 AE 0.7°C, and 34.1 AE 0.7°C, respectively.
Laser-Induced Temperature Increase
The in vivo exposure to 197 W∕cm 2 1090-nm IRR for 8 s was found to cause a temperature elevation in the exposed eye. The temperature rise recorded at the end of the exposure, ΔT e , was shown in Table 1 . No temperature change was measured in the contralateral eyes.
The temperature rise as a function of time of exposure was fitted to a nonlinear model for each eye (Appendix A) [Eq. (1)]. Then, the average and the standard deviation for the maximum temperature rise, ΔT Max , and the rate constant, k h , respectively, among animals were calculated. Finally, a 95% confidence interval (CI) for the mean, ΔT Max and the mean k h was estimated (a) (b) After the rats were sacrificed, it was noticed in the first experiment that most of the lenses were found to be damaged by the thermocouples placed in the vitreous, whereas in the second experiment none of the lenses were damaged.
Post-Exposure Temperature Decrease
After the end of the 1090-nm IRR exposure, the temperature in the exposed eye decreased with an initial fast phase and a later slow phase (Fig. 3) .
We believe that the initial fast phase reflects heat loss through conduction in the thermocouple, partly to the tissue and partly to air. For estimation of the rate constant for temperature decrease after exposure, the data were fitted to a nonlinear model for each eye (Appendix C) [Eq. (3)]. Then a 95% CI for the mean slowphase rate constant, k s , was estimated (Table 2) .
Light Scattering in the Lens
In the four sensor groups, there was no difference of forward light scattering between the exposed and the contralateral lens, estimated as a 95% CI for the mean difference, 0.01 AE 0.06 tEDC (n ¼ 12).
Discussion
The present study aimed to elucidate the ocular temperature evolution in the rat eye during an 8 s exposure to 197 W∕cm 2 of 1090 nm delivered on the cornea, confined within 2 mm, and the decrease of temperature after the end of IRR exposure. The current experiment was designed to elucidate the temperature increase at 8 s exposure to threshold irradiance of 1090-nm IRR for cataract induction 22 with the long-term intention to investigate irradiance exposure time reciprocity below a threshold temperature for cataract induction.
The rat model was chosen since it is possible to generate independent data of sufficient sample size to allow appropriate precision while considering costs. It is realized that the close proximity between retina and posterior surface of the lens in the rat eye will lead to thermal conduction from the retina to the lens. However, this is not a problem if the irradiance-induced temperature is kept below the threshold for thermal cataracts, which is intended in future experiments.
The exposure time in the current experiment was chosen to be close to the threshold exposure time for induction of light scattering in the lens at the current irradiance at the eye. 22 The presently used optical setup was designed to result in a close to collimated beam through the optics of the eye by focusing the beam in front of the eye (Fig. 1) . For this reason, the distance between the focal point and the eye at exposure is critical for the irradiance at the corneal plane. This was carefully considered when positioning the eye for exposure, but may have contributed to variations in the measurements.
It was carefully checked that the spot of the laser beam was confined within the pupil with a margin. Therefore, it can be ruled out that absorption in the lens was partly due to heat conduction of the energy absorbed in the iris.
Temperature measurement inside the eye is challenging. The purpose of the present temperature measurements was to estimate the temperature increase at different locations in the eye Note. Exp. no. 1: Thermocouples placed at the limbus, behind the lens and on the sclera close to the optic nerve. Exp. no. 2: Thermocouples placed at the limbus and on the sclera close to the optic nerve.
for threshold irradiance for cataract induction with an 8 s exposure, 22 the current local threshold temperature. The long-term plan is to use this information to limit temperature increase at 1090-nm near IRR exposure below the current threshold temperature for investigation of irradiance exposure time reciprocity. In the present experiment, temperature was measured with needle thermocouples. Therefore, it is possible that the measured temperatures are somewhat underestimated due to heat conduction in the needle thermocouples. Further, although we aimed at keeping the thermocouple behind the lens outside the field of the exposure, it cannot be excluded that in some animals the thermocouple was in the field of the exposure. An optical fiber temperature sensor would have been preferable to limit heat conduction in the sensor, but was not available to us for the experiment. Another interesting sensor that was recently used for temperature measurements in the eye is thermochromic liquid crystals. 26 However, we did not have access to the optical instrumentation required for temperature sensing with liquid crystals.
Okuno found that the threshold irradiance of 900-nm IRR steeply increases with decreasing exposure time up to 1 min based on modeling of the human eye and a critical temperature increase for cataract induction of 5°C. 14 We previously showed that the currently used irradiance and 8 s exposure time is the threshold for cataract induction, 22 which was shown to cause a 10°C temperature rise (Fig. 2) . The currently chosen irradiance is on the order of seven times higher than the irradiance used by Wolbarsht 7-10 and 50 times higher than the irradiance used by Pitts et al., 11, 12 and is anticipated to thermally damage the retina and the optic nerve. However, the radiant exposure in the current experiment is almost identical to the threshold radiant exposure found by Wolbarsht [7] [8] [9] [10] and half of that found by Pitts et al. 11, 12 in their experiments indicating reciprocity. The baseline temperatures at the locations measured are consistent with room temperature conditions. At lower ambient temperature conditions, a higher axial gradient of temperature, therefore, a higher threshold radiance is expected. Inversely, at a higher ambient temperature, a lower threshold radiance is expected. For our future intended experiments on irradiance exposure time reciprocity, slight species differences in the baseline ocular surface temperature do not matter.
The finding that the estimated asymptote temperature, ΔT max , as well as the recorded temperature rise, ΔT e , was higher at the limbus when the temperature was measured with a thermocouple behind the lens than without (Fig. 2 , Table 1 ) is probably explained by absorption of energy in the thermocouple behind the lens. It is also possible that heat dissipated with leaking liquid at the eye puncture for the thermocouple behind the lens. Both explanations are compatible with the observation that the asymptote temperature, as well as the recorded temperature rise at the outer sclera close to the optic nerve, was lower with the thermocouple behind the lens than without (Table 1) .
The observation that the rate constant estimated for increase of temperature at the outer sclera close to the optic nerve was on the order of 1.5 times higher than the rate constant estimated for the limbus in both experiments (Table 1) is probably due to heat transfer out from the retina into choroidal blood circulation and concurrently less heat transfer at the eye-air interface close to the limbus.
The rate constants estimated for increase of temperature (Table 1) were on the order of 10 times higher than the rate constants estimated for decrease of temperature (Table 2 ). This asymmetry is probably explained by less heat conduction off the surface of the eye during the temperature increase than heat conduction within the eye after the end of the exposure. The estimated rate constants for exposure to 197 W∕cm 2 1090-nm IRR indicate that close to the maximum temperature increase is reached at the end of an 8 s exposure.
The finding that there was no increased light scattering in the lens after the exposure implicates that the lens temperature rise due to the exposure (197 W∕cm 2 for 8 s) (Fig. 2) does not cause immediate denaturation of lens proteins. In reality, the temperature increase in the lens was probably higher than the 10°C recorded at the limbus since there was a temperature increase on the outer sclera close to the optic nerve of approximately 26°C ( Table 1 ). The temperature increase at the sclera close to the optic nerve is consistent with retinal thermal damage and reflects that, as long as the iris is not exposed, the main absorption of 1090 nm in the rat eye occurs in the retina. The lack of increased light scattering after the exposure is consistent with our previous finding that there is a 16-h latency before the onset of light scattering after in vivo exposure at the equivalent exposure conditions. 22 In the current experiment, no attempt was made to measure light scattering at the delayed interval since the information is available 22 and it was considered unethical to keep the animal after the thermocouples had been inserted at different locations in the eye.
It cannot be excluded that the sensor behind the lens was in the beam and the sensor at the sclera close to the optic nerve was in the beam. Therefore, it is possible that some of the temperature increase recorded behind the lens and at the sclera close to the optic nerve, respectively, is due to absorption in the sensors, although for the sensor at the sclera close to the optic nerve a large fraction of the intensity should have been attenuated in front of the sensor.
In the previous experiments indicating reciprocity, 7-12 no temperature recordings were reported. The temperature increase induced in the anterior segment was estimated to be at least 10°C (Fig. 2, Table 1 ), which is two times the threshold temperature rise for cataract induction claimed by Vos and Van Norren. 17 Despite a higher irradiance that rendered a significant temperature increase and a radiant exposure above the threshold dose reported by Wolbarsht, 7-10 we did not observe an immediate increase in light scattering.
Conclusion
Exposure to 197 W∕cm 2 1090-nm IRR for 8 s, centered on the cornea, within the dilated pupil, with a close to collimated beam between the lens and the retina, induces a temperature increase of about 10°C at the limbus and about 25°C close to the retina. The previous observation of delayed cataract development after exposure with the equivalent parameters 22 most probably reflects a delayed biological expression of thermal molecular events.
Appendix A
The temperature change at laser exposure was modelled with Newton's law of heating, implying that the temperature rise ΔT (°C) increases exponentially with time t (s) as determined by a rate constant k h (s −1 ), and the asymptote maximum temperature rise ΔT max (°C). Measurement variation was considered by adding an error term, ε [Eq. (1)].
